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We consider dark matter annihilation into a general set of final states of Standard Model particles,
including two-body and four-body final states that result from the decay of intermediate states. For
dark matter masses ∼ 10 − 105 GeV, we use updated data from Planck and from high gamma-ray
experiments such as Fermi-LAT, MAGIC, and VERITAS to constrain the annihilation cross section
for each final state. The Planck constraints are the most stringent over the entire mass range for
annihilation into light leptons, and the Fermi-LAT constraints are the most stringent for four-body
final states up to masses ∼ 104 GeV. We consider these constraints in light of the recent AMS
antiproton results, and show that for light mediators it is possible to explain the AMS data with
dark matter, and remain consistent with Fermi-LAT Inner Galaxy measurements, for mχ ∼ 60−100
GeV mass dark matter and mediator masses mφ/mχ . 1.
I. INTRODUCTION
Dark matter (DM) annihilation into Standard Model (SM) particles is now being probed by many high energy
gamma-ray and cosmic ray experiments. Of particular interest are Fermi-LAT observations of dwarf spheroidals
(dSphs) [1–5] which have constrained s-wave dark matter at the thermal relic scale for dark matter with mass ∼
10− 100 GeV, for several well-motived annihilation channels. These results are complemented by Cosmic Microwave
Background (CMB) data, most recently from the Planck satellite [6], which extend the constraints on thermal relic
dark matter to lower masses.
Though the aforementioned observations do not show conclusive evidence for a DM annihilation signal, there are
several results when considered separately that may be consistent with a DM annihilation interpretation. These include
the long-standing Fermi-LAT Galactic Center Excess (GCE) [7–9], and more recently the antiproton measurements
from AMS [10]. These possible hints of DM may be reconciled with the null results from the Fermi-LAT and CMB for
some well-motivated DM annihilation models [11–16]. However, there is not a large region of DM mass and annihilation
cross section parameter space in which the DM annihilation interpretation of these data sets are mutually satisfied.
In this paper, we study a wide range of DM annihilation final states, and using these, explore the possibility that all
of the above experiments may be consistent with one another. In particular, we focus on four-body final states, and
final states that arise through the decay of a light mediator. In all of these scenarios, we compute the energy injection
into the Intergalactic Medium (IGM) which imparts a measurable imprint on the CMB, and place constraints on the
annihilation cross section using the latest data from Planck. We compare these constraints to similar ones imposed by
Fermi-LAT and at higher energies by MAGIC [17] and VERITAS [18]. We explore whether or not these constraints
are consistent with the DM annihilation interpretation of the antiproton excess measured by AMS [11, 12], and show
that for light mediators it is possible to explain the AMS data with DM annihilation, and remain consistent with the
GCE, for DM masses mχ ∼ 60− 100 GeV and mediator masses mφ/mχ . 1.
This paper is organized as follows. In Sec. II we present a brief summary of CMB alterations through energy
injection into the IGM, and in Sec. III we present a more detailed discussion on the effective efficiencies used to
quantify the rate of energy deposition. We then discuss our analysis of the antiproton excess in Sec. IV. We present
our results in Sec. V, and we summarize our results in Sec. VI. We note that throughout the paper, unless directly
specified, any discussion of a single particle throughout this work pertains to both itself and its antiparticle.
II. COSMIC MICROWAVE BACKGROUND ALTERATIONS
There have been many previous studies of energy injection from DM annihilation into the CMB [19–26]. In this
section, we review the theoretical formalization that describes this energy injection, and highlight its relevance to our
work.
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2The interactions between the IGM and the photons as the photons decouple from matter at the surface of last
scattering is well described with the standard cosmological framework. The most relevant parameters in our analysis
that may impact the shape of the CMB spectrum are the ionization fraction, xe, and the IGM temperature, TIGM.
In the presence of energy injection from an additional source such as DM annihilation, the evolution of the ionization
fraction and the IGM temperature are given by
dxe
dz
=
(
dxe
dz
)
orig
− 1(1 + z)H(z) (IXi(z) + IXα(z)) (1)
dTIGM
dz
=
(
dTIGM
dz
)
orig
− 23kB(1 + z)H(z)
Kh
1 + fHe + xe
, (2)
where H(z) is the Hubble parameter, kB is the Boltzmann constant, and fHe is the Helium fraction. Here (dxe/dz)orig
and (dTIGM/dz)orig represent the standard evolution of these parameters, and are described in more detail in e.g.
Ref [26]. The parameters IXi(z), IXα(z), and Kh(z) are the different methods or channels through which the injected
energy can affect the IGM; they are Hydrogen ionization, Lyman-Alpha excitations, and heating, respectively. They
are described by
IXi(z) = fi(E, z)
dE/dV dt
nH(z)Ei
(3)
IXα(z) = fα(E, z)(1− C)dE/dV dt
nH(z)Eα
(4)
Kh(z) = fh(E, z)
dE/dV dt
nH(z)
, (5)
where dE/dV dt is the total amount of energy injected by the new source, nH(z) is the Hydrogen number density, Ei
and Eα are the energies required for ionization and excitation, and C is a measure of the probability for an excited
Hydrogen to release a photon before it is ionized [26].
The effective efficiency is defined as the ratio of energy absorbed to energy injected at a specific time, and fc(E, z)
denote effective efficiencies for their respective interaction channels, where c is the absorption channel, e.g. c = ı, α, h.
Note that the efficiency incorporates energy injected at previous times but is only now being absorbed. Another
channel of note is the Continuum, which is the amount of energy that becomes sub 10.2 eV photons and thus no
longer interacts with Hydrogen, and becomes nearly indistinguishable from the CMB. If the injection is provided by
the self annihilation of dark matter particles, the energy injection has the form
dE
dV dt
= ρ2cc2ΩDM
〈σv〉
MDM
(1 + z)6, (6)
where ρc is the critical density of the Universe and ΩDM is the dark matter content, both measured at z = 0. The
thermally averaged cross-section is 〈σv〉, and mχ is the dark matter mass [26].
III. EFFECTIVE EFFICIENCIES
In the formalism presented in Sec. II, all of the transient behavior of the interactions has been combined into
the effective efficiency for a given channel, fc(E, z). These have been calculated previously for several channels of
interest [27, 28]. Here we extend upon these analyses to include additional interactions, and also expand the effective
efficiency calculation to higher energies. In particular, we consider cascade models with four-body final states, 4b, 4τ ,
and 2b2τ .
The various fc(E, z) equations are complex, developed from the interactions of high energy particles with the IGM
as they thermalize with the environment. They are species, energy, redshift, and channel dependent. However, the
effective efficiency of a specific interaction can be calculated by first determining the individual effective efficiencies
for single long lived products, principally photons, electrons, neutrinos, protons, and their antiparticles, as well as the
spectra of these products for a particular interaction. The single efficiencies and the spectra can then be combined to
give an effective efficiency for the interaction through
fc(mχ, z) =
∑
s
∫
fc(E, z, s)E(dN/dE)sdE∑
s
∫
E(dN/dE)sdE
, (7)
3where s is the particle species, E is the particle energy, (dN/dE)s is the spectrum, and fc(E, s, z) is the effective
efficiency for this particular particle [29]. For our analysis, we use the effective efficiencies for electrons and photons
calculated in Refs. [27, 28]. Also similar to these authors, we set the neutrino and proton efficiencies to be zero. This
assumption is warranted because neutrinos interact weakly with the IGM, and protons do not significantly impact
the CMB [21].
Because the energy range of interest in our analysis extends to higher energies than was considered in Ref. [27], we
also incorporate an additional approximation that at high energies, the efficiency remains constant. This assumption
is supported by Ref. [30], where it is observed that the efficiency asymptotes to a constant value at high energies as
the dominant behavior becomes a pair production/Inverse Compton scattering cascade.
We calculate the spectra of annihilation and decay products with PYTHIA [31, 32]. Results from our calculation
for several representative cases are shown in Figure 1. Unless explicitly stated, here we assume that the mass of the
mediator is related to the mass of the dark matter as mφ = mχ/2. Here, χχ → φφ and each φ decays into 2 SM
fermions. From Figure 1 we notice that in all the cases when quarks and leptons are considered separately, either as
part of a two-body or four-body final state, the spectra are very similar to one other. As an extension this indicates
that their efficiencies should also be similar. Also of note, because only the photon and the electron distributions will
be taken into account for the efficiencies, all the proton and neutrino spectra can be taken as missing energy where
its effect is a uniform reduction in the efficiency.
From the spectra in Figure 1, the efficiencies from Ref. [27], and Equation 7, we calculate the efficiencies for each
interaction. The efficiencies for χχ → φφ followed by φ → bb¯ are shown in Figure 2. The other interactions have a
nearly identical structure, with the primary difference between each interaction being a shift in the magnitude of the
efficiency. This is a result of them having nearly identical spectra. Another important feature is at a single redshift
the efficiency is nearly uniform over energy, especially from z = 200 − 1000. As a result, the constraints established
by this energy injection have a simple dependence on dark matter mass.
In Figure 3, we show the effective efficiency as a function of redshift for various channels calculated with a dark
matter mass of 103 GeV. The redshift dependence for these curves are similar, with the most significant variation
coming in their amplitudes. This feature can easily be understood by noting that the efficiency is energy dependent,
rather than number dependent. Since the efficiency is a ratio of the total energy absorbed to the total energy injected
into the environment, the higher energy structure of the spectrum contributes the most to the shape of the efficiency,
and for all cases, the leading term is the electron injection. Other terms contribute minor alterations, particularly at
late times when high energy particles make weaker contributions. The normalization factor is a result of the amount
of energy contributing to other products, in particular protons and neutrinos. Since this energy is considered lost in
the calculation, any energy entering these channels results in a loss of efficiency.
Another feature that results in the uniformity between the different interaction types and also the various mass
ranges is due to the averaging effect that comes from Equation 7. While the original efficiencies observed in Ref. [27, 28]
have a substantial degree of variance over energy, the effect of combining the efficiencies together with a continuous
spectrum results in washing out these features, adding to the similarities observed in Figure 3 as well as the near
uniform features observed over energy in Figure 2.
For convenience and in order to establish a comparison to previous papers, in Table I we provide equivalent average
effective efficiencies for an injection following the SSCK approach discussed in Ref. [25, 26]. To make a comparison
between the values reported in Ref. [26], the Hydrogen Ionization, Lyman-Alpha Excitation, and heating channels
were combined into a single efficiency and averaged over z = 800−1000. The results for similar models are comparable
at the 5% level.
IV. ANTIPROTON EXCESS
AMS [10] has recently published a measurement of the anti-proton spectrum, hinting at a possible excess relative
to those expected from astrophysical sources. This measurement is also of interest because, unlike the gamma [9]
and positron excess [33], it is unlikely that these results can be explained by unresolved sources such as pulsars that
contribute to diffuse radiation. This measurement may be important for dark matter, because antiprotons are a major
constituent of some dark matter annihilation spectra.
Several authors have considered antiproton production from annihilating dark matter in light of the AMS data, and
have found preferred models, such as χχ→ bb¯ [12]. We utilize these results to extend the constraints to a four-body
final state model. We make the comparison by using the spectrum outputs by PYTHIA discussed previously as an
additional source input term in GALPROP [34, 35]. This provides us with the antiproton spectra measured on Earth
as a result of dark matter annihilation in the Galaxy. For GALPROP, we use parameters that are similar to those in
Ref. [12], specifically an NFW DM density profile with a characteristic halo radius of 20 kpc and a fixed characteristic
density of 0.43 GeV/cm3 at radius 8.5 kpc.
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FIG. 1: Spectra of stable products resulting from a dark matter annihilation for different channels, where E is the particle’s
kinetic energy. (Top to Bottom) Spectra: photon, electron, proton, neutrino. (Left to Right) Dark matter mass: 102, 103, 104
GeV. The spectra from the various quark channels are all very similar in magnitude and shape.
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FIG. 2: Effective efficiency maps for χχ → φφ followed by φ → bb¯ interaction. Different interactions have a nearly identical
structure with slight difference in amplitude as seen in Fig. 3.
As noted above, the spectra between the two and four-body cases are very similar. These similarities can however
be altered by changing the mediator mass. In comparing the two and four-body final states, the most pertinent
degree of freedom for the comparison is the mediator mass. Figure 4 shows the annihilation antiproton flux spectra
after propagation through the Galaxy. The shape of the spectra is mostly unaltered when comparing to the injection
spectrum before propagation. The photon spectra for the same cases is also shown highlighting a key difference
between the antiproton and the photon spectra for different mediator masses. While different mediator masses result
in minimal variation in the photon spectra, there is a significant change in the antiproton spectra, allowing antiprotons
to be used as a probe of mediator properties. These differences arise from the kinematics and decay properties of the
mediator daughter particles.
These post-propagation spectra are used to estimate four-body antiproton excess constraints by association with
the constraints calculated in Ref. [12]. The comparison between the two-body and four-body constraints is made by
matching DM masses between the two models with the same spectral midpoint, defined as the energy where half of
the antiprotons have greater energy. The cross-section comparison is performed through
〈σv〉4 = 〈σv〉2 ×
∫ Emax
Emin
dN2
dEp¯
dEp¯ ×
(∫
dN4
dEp¯
dEp¯
)−1
, (8)
where 〈σv〉i is the thermally averaged cross-section, dNi/dEp¯ is the post-propagation antiproton spectra, dEp¯ is
the antiproton energy, and Emin and Emax are the minimum and maximum energy of the experiment. For AMS
antiprotons, this energy is ∼ 430 MeV to 1.8 TeV. The index i differentiates between two and four-body terms where
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FIG. 3: Effective efficiency for various annihilation final states for a dark matter mass of 103 GeV. The structural features of
each channel are identical to each other.
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FIG. 4: Dark matter annihilation spectra for a mass of 100 GeV. (Left) Antiproton flux spectra observed at Earth from galactic
annihilations, where E is the antiproton’s kinetic energy. (Right) Gamma-ray spectra from a single annihilation. Note that the
shape of the antiproton spectra before and after propagation is nearly identical. Around mφ/mχ = 0.7 the 2b and 4b spectra
are nearly identical. There is little variation in the photon spectra for different mediator masses above Fermi-LAT’s sensitivity.
For AMS, there are significant differences above the minimum sensitivity.
the spectral midpoints are equal. This method was chosen because as dark matter mass increases, the width of the
spectra change while the peak remains nearly constant.
7Annihilation Model mχ (GeV) feff
χχ→ τ τ¯ 102 0.1414
103 0.1364
104 0.1381
χχ→ φφ 102 0.1446
φ→ τ τ¯ 103 0.1359
104 0.1367
χχ→ ee¯ 102 0.4322
103 0.4290
104 0.4293
χχ→ µµ¯ 102 0.1664
103 0.1579
104 0.1604
χχ→ φφ 102 0.1769
φ→ bb¯ or τ τ¯ 103 0.1708
each at 50% branching ratio 104 0.1679
χχ→ tt¯ 103 0.1911
104 0.1873
χχ→ bb¯ 102 0.2098
103 0.2036
104 0.1981
χχ→ φφ 102 0.2093
φ→ bb¯ 103 0.2057
104 0.1989
χχ→W+W− 102 0.1821
103 0.1763
104 0.1720
TABLE I: Equivalent effective efficiencies for various annihilation final states and dark matter masses associated with the SSCK
approach [25, 26].
V. RESULTS
We now use the Planck data combined with the theoretical energy injection formalization and the effective effi-
ciencies described in Sec. II and Sec. III to constrain the annihilation cross section. For the theoretical modeling we
use CAMB [36, 37] and a modified version of HyRec [38]. The Planck data likelihood set used was Planck TT, TE,
EE+lowP [6]. The fitting parameters were performed for a single DM mass with CosmoMC [39, 40] using all Planck
polarization amplitudes [41] in addition to 〈σv〉. For convenience and speed of convergence, the six principle cosmo-
logical parameters were set to their best fit values. These six parameters are the baryon density, Ωbh2 = 0.022252,
the CDM matter density Ωch2 = 0.11987, the CMB acoustic scale parameter 100θMC = 1.040778, the reionization
optical depth τ = 0.0789, primordial curvature perturbations ln(1010As) = 3.0929, and the scalar spectral index
ns = 0.96475 [41, 42].
In addition to Planck, we use data from high energy gamma-ray experiments, in particular Fermi-LAT, MAGIC,
and VERITAS. Most of the published constraints by Fermi-LAT, MAGIC, and VERITAS have been calculated for
two-body final state models. To convert these constraints to four-body final state models, we follow the prescription
outlined in Ref. [43], which implemented a procedure to scale constraints from two-body to four body final state
models. We consider the relation,
〈σv〉4 = 〈σv〉2 ×
(
mχ,4
mχ,2
)2
×
∫ Emax
Emin
dN2
dEγ
dEγ ×
(∫ Emax
Emin
dN4
dEγ
dEγ
)−1
, (9)
where 2 and 4 are tags that denote quantities from the two and four body models respectively, Emin and Emax are the
lower and upper bounds for the measured photon energies, and dN/dEγ is the photon spectrum from the process. The
four-body dark matter mass is chosen so that its spectrum, defined as (Eγ)2dN4/dEγ , has a peak that is shifted to
8Annihilation Model Fermi-LAT (GeV) Fermi-LAT + MAGIC VERITAS
4τ 2τ 2τ 2τ
2b2τ 2b 2b 2b
2t 2b 2b —
4b 2b 2b 2b
TABLE II: Spectra used for estimating constraints as prescribed in Equation 9. The symbol ”—” signifies the constraint was
calculated in the respective experiment.
match the peak of the two-body spectrum for a given mass mχ,2. The energies Emin and Emax are set at 0.5 GeV and
mχ respectively for Fermi-LAT and Fermi-LAT+MAGIC. They are set at 50 GeV and up to 50 TeV for VERITAS.
Because we are scaling the four-body spectrum constraints from the two-body constraints, we note that starting with
different two-body spectra may produce different constraints on four-body models. To minimize the error introduced
through this method, we started with the two-body spectrum that most closely matches the extrapolated model.
Table II lists the two-body spectra used to produce the displayed four-body constraints when using Equation 9.
Figure 5 combines the limits deduced from Planck as well as those for Fermi-LAT, MAGIC, and VERITAS. Each
line represents the respective 95% confidence limit. The overall effect for the Fermi-LAT, MAGIC, and VERITAS
bounds moving from two-body to four-body is a slight weakening of the bounds. This shift originates from a larger
fraction of photons being produced below the detection threshold. For Planck, on the other hand, the limits for two
and four-body final states are very similar. This similarity is attributed to the CMB being largely sensitive to the total
energy injected into its system rather than on the particular spectra of injected particles. Because the Planck bound
is stationary while Fermi-LAT, MAGIC, and VERITAS weaken in response to moving from two-body to four-body
models, the Planck bounds tend to strengthen when compared to the other experiments considered.
For the lepton final states, the 2τ and 4τ Planck constraints are significantly weaker than Fermi-LAT up to mass
∼ TeV, above which the Planck constraints are stronger. At higher masses, the Planck constraints are comparable
to, but slightly weaker than, the VERITAS constraints, and are generally weaker than the MAGIC constraints. The
Planck constraints on the 2e and 2µ final states, on the other hand, are stronger than Fermi-LAT at low masses, and
are significantly stronger at the highest masses. As the Planck constraints continue into the TeV range, they are much
stronger than VERITAS. With the addition of MAGIC, the constraints from Fermi-LAT, MAGIC, and VERITAS
approach the Planck result ∼ 400 GeV and ∼ 1 TeV. We note that the simple prescription used to estimate constraints
based on different channels cannot be used for MAGIC to obtain 2e constraints due to the lack of a well defined peak
in its spectrum. However, the 2e bounds would be expected to be similar to those from 2µ because of their spectral
similarities.
For the quark and quark-lepton final states, the constraint for 2b2τ , 2t, 2b, 4b and 2W are all almost identical
because of their similarities in decay chains. At low energies, Planck constraints are significantly weaker than Fermi-
LAT throughout Fermi-LAT’s sensitive range. At higher energies, Planck limits are comparable to slightly stronger
than the VERITAS bounds up to the end of its range. The MAGIC results are stronger than both Planck and
VERITAS at high masses.
In general, we note that Fermi-LAT continues to have stronger constraints for lower masses than Planck. At the
high end, Planck is comparable to VERITAS and at some masses is better than VERITAS; however, it is usually
weaker than MAGIC at the higher masses. It should be noted that due to Fermi-LAT, MAGIC, and VERITAS having
poor efficiencies for light particles, Planck produces a stronger constraint for electrons and muons at all dark matter
masses.
By incorporating the results for 4b antiproton and connecting to the 2b antiproton constraints from Ref. [12] as
described in Sec. IV, in Figure 6 we show the allowed region to explain the antiproton data. Each line represents the
respective 95% confidence limit. The preferred region depends greatly on the mediator mass with larger mediators
preferring heavier dark matter masses and higher annihilation cross-sections. The best overlap with other experiments
occurs at a mediator mass at approximately 70% the dark matter mass. This region shows good overlap with other
experiments, particularly the GCE, and is consistent with both Fermi-LAT and Planck bounds.
Since the 4b final state provides a very good fit to the GCE and the AMS antiproton data, one may wish to construct
a model for such final states arising from DM annihilation. In Ref. [43], an additional U(1)B−L was considered to fit
the GCE after satisfying the null detections from dwarf spheroidal galaxies. In this model, the dark matter candidate
annihilates into two new Higgs (φ), which finally decays into mostly 2b and 2τ via a loop containing extra heavy Z
boson associated with the new gauge symmetry. However, for the combined AMS and the GCE fit, the presence of τ
in the final state creates a problem. In this case, an additional U(1)B−xL symmetry can be invoked to obtain the fit
where 0 ≤ x ≤ 1. For the best fit x → 0 is needed, where each φ primarily decays into 2b and the DM annihilation
dominantly produces 4b in the final state.
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FIG. 5: Constraints on the annihilation cross section for several channels using the Planck, Fermi-LAT, Fermi-LAT + MAGIC
and VERITAS. The limits are at the 95% level.
VI. CONCLUSIONS
In this paper we have examined experimental constraints on general four-body dark matter annihilation models,
in which the final state Standard Model particles are produced through an unstable mediator. We compare these
constraints on the annihilation cross section to previously reported constraints on two-body decay models, and find
that the current gamma-ray and Planck data is sufficient to strongly constrain four-body final state models over a
large range of interesting parameter space. For most cases considered, we show Fermi-LAT, MAGIC, and VERITAS
limits are weaker in the four-body than the two-body channel, because in the four-body channel a larger fraction
of the photons are produced below the detection threshold of these experiments. On the other hand, the Planck
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FIG. 6: Constraints imposed by AMS data (red). Also shown are the upper limits on dark matter annihilation calculated by
Fermi-LAT (blue), Planck (purple), and GCE (black).
constraints on four-body models are very similar to the constraints on two-body models over a large range of dark
matter masses, mainly because the Planck constraints are relatively insensitive to the shape of the energy spectrum
of the decay products.
We have examined the implications of these constraints in the context for recent AMS antiproton data finding a
sensisitivity to the mediator mass not observed in current gamma-ray experiments. We have identified a particular
scenario with dark matter mass ∼ 60− 100 GeV, and mediator mass ∼ mφ/mχ . 1 in which four-body decay models
are able to explain the AMS data. We also find that this regime is consistent with the Fermi-LAT Galactic Center
Excess. As a general result, we highlight that including light mediators allows for a plausible DM interpretation of
the gamma-ray and antiproton data in a larger range of parameter space relative to two-body models.
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